is an endogenous signal that inhibits bone resorption. We recently found that an elevation of extracellular Ca 2ϩ decreased proton extrusion through the plasma membrane vacuolar H ϩ -ATPase (V-ATPase) rapidly. In this study we investigated mechanisms underlying this early Ca 2ϩ -sensing response, particularly in reference to the activity of the plasma membrane V-ATPase and to membrane retrieval. Whole cell clamp recordings allowed us to measure the V-ATPase currents and the cell capacitance (C m) simultaneously. Cm is a measure of cell surface. Extracellular Ca 2ϩ (2.5-40 mM) decreased C m and the V-ATPase current simultaneously. The decreased C m, together with the enhanced uptake of a lipophilic dye (FM1- 43) , indicated that Ca 2ϩ facilitated endocytosis. The endocytosis was blocked by dynamin inhibitors (dynasore and dynamin-inhibitory peptide), by small interfering RNA (siRNA) targeting for dynanmin-2 and also by bafilomycin A 1, a blocker of V-ATPases. The extracellular Ca 2ϩ -induced endocytosis and inhibition of the V-ATPase current were diminished by a phospholipase C inhibitor (U73122) and siRNA targeting for phospholipase C ␥2 subunit. Holding the cytosolic Ca 2ϩ at either high (0.5-5 M) or low levels or inhibiting calmodulin by an inhibitor (W7) or an antibody (anti-CaM) decreased the stimulated endocytosis and the inhibition of the V-ATPase current. These data suggest that extracellular Ca 2ϩ facilitated dynamin-and V-ATPase-dependent endocytosis in association with an inhibition of the plasma membrane V-ATPase. Phospholipase C, cytosolic Ca 2ϩ , and calmodulin were involved in the signaling pathways. Membrane retrieval and the plasma membrane V-ATPase activity may cooperate during the early phase of Ca 2ϩ -sensing response in osteoclasts.
proton current; cell capacitance; dynamin; cytosolic ca 2ϩ , calmodulin EXTRACELLULAR Ca 2ϩ behaves as a negative feedback signal for osteoclast function. The ruffled membrane in osteoclasts, which faces the bone surface, is rich in vacuolar H ϩ -ATPases (V-ATPases) (29) . The protons secreted by the V-ATPase into the closed extracellular compartment (resorption pit) are essential for demineralization of calcified bone tissue. In the resorption pit, the concentration of Ca 2ϩ liberated from bone is reported to reach as high as 40 mM (36) . The elevation of Ca 2ϩ in turn inhibits osteoclastic bone resorption. Extracellular Ca 2ϩ generates diverse biochemical and morphological changes (2, 16, 18, 45) . Extracellular Ca 2ϩ also modifies the electrophysiological profiles of osteoclasts; for instance it inhibits K ϩ channels (1, 7, 35, 44) and activates Cl Ϫ channels (6, 31, 32, 35) . These Ca 2ϩ -sensing responses at the plasma membrane appear within 10 min after exposure to elevated extracellular Ca 2 levels. Recently, the plasma membrane V-ATPase has been found to behave similarly (30) . We succeeded in identifying proton currents of the plasma membrane V-ATPase in RAW264-derived osteoclasts using the whole cell clamp technique and found that the V-ATPase current decreased rapidly after Ca 2ϩ (or Mg 2ϩ ) stimulation. Dysfunction of the plasma membrane V-ATPase led to impaired acid secretion and thus must be a key event in early Ca 2ϩ -sensing responses. The mechanism underlying this early phase of the Ca 2ϩ -sensing response remains unidentified, however.
During differentiation the lysozomal membranes of osteoclast are fused into the plasma membrane to form the ruffled membrane (40) under the action of phosphatidylinositol-3 (PI3) kinases (22) . Ruffled membrane undergoes continual turnover (21) . The V-ATPase is recruited to the plasma membrane, and its turnover between the intracellular reservoirs (lysozome/endosome) and the surface area regulates acid secretion. Digested bone matrix is processed through endocytosis from the ruffled border and subsequent transcytosis (23, 33, 37) . Osteoclast function is thus organized under continual membrane retrievals. To resolve the Ca 2ϩ -sensing mechanisms, it is important to understand how the plasma membrane behaves in response to elevated Ca 2ϩ . In this study, we investigated the mechanisms underlying the early Ca 2ϩ -sensing responses generated at the plasma membrane, focusing on the changes in the surface area and the plasma membrane V-ATPase activity. Measurements of the V-ATPase current may be the most refined way to evaluate the function of the plasma membrane V-ATPase in real time. The whole cell recording technique has also the advantage of allowing simultaneous measurements of the V-ATPase currents and the cell surface areas in single cells. The electrical capacitance was used as a reliable quantitative index of the surface area. The data showed that elevated extracellular Ca 2ϩ facilitated dynamin-and V-ATPase-dependent endocytosis in association with the inhibition of the plasma membrane V-ATPase. These early Ca 2ϩ -sensing responses generated at the plasma membrane share the signaling pathway in which phospholipase C (PLC), cytosolic Ca 2ϩ , and calmodulin participate.
MATERIALS AND METHODS

Cells.
Osteoclasts were generated from a mouse macrophage cell line (RAW264 cells) (Riken Cell Bank, Tsukuba, Japan) or mouse bone marrow cells in the presence of macrophage colony-stimulating factor-1 (M-CSF/CSF-1) (Peprotec, London, UK) and a soluble form of receptor activator of nuclear factor B ligand (sRANKL) (Peprotec), as described before (19, 31) . RAW264 cells was maintained in the Dulbecco's modified Eagles medium (DMEM) containing 100 U/ml penicillin, 0.1 mg/ml streptomycin, 500 ng/ml amphotericin B, and 10% fetal calf serum (FCS) at 37°C in a 95% air-5% CO 2 atmosphere. Mononuclear cells were plated on cover glasses with or without Type-I collagen coat. Treatment with 50 -75 ng/ml of the sRANKL in ␣-MEM with 10% FCS induced differentiation of RAW264 cells into multinucleated cells.
For primary culture, 4-to 8-wk-old BL6/J male mice were killed by cervical dislocation, the bone marrow cells were obtained from the tibias and femurs, centrifuged at 400 g for 5 min at 4°C, and suspended in 1 ml of ␣-MEM supplemented with 15% FCS, 0.1 mg/ml streptomycin, and 100 U/ml penicillin. All animal care and use were conducted according to the guidelines of Physiological Society of Japan (Guiding Principles for The Care and Use of Animals in The Field of Physiological Sciences) and were approved by the Institutional Animal Care and Use Committee, Osaka City University Medical School. The cell suspensions were then placed on a chromatography column filled with 5 ml of Sephadex G10 gel (Amersham Pharm Biotech, Buckinghamshire, UK) and were incubated at 37°C in a 95% air-5% CO 2 atmosphere for 45 min. After adherent cells were removed by means of gel filtration, nonadherent cells were centrifuged at 400 g for 5 min at 4°C and plated on glass coverslips at 2 ϫ 10 7 cells/ml in the fresh medium containing 25 M CSF and 20 ng/ml sRANKL. One-half of the medium was changed every 2 days. In both preparations, osteoclast-like cells, identified by phase-contrast microscopy and tartate-resistant acid phosphate (TRAP) activity, appeared within 4 days and were maintained for 10 -16 days. Recordings were made from cells containing Ͼ3 nuclei.
Electrophysiological recordings. Whole cell recordings were made as described elsewhere (19, 30) . Current signals were recorded with an amplifier (Axopatch 200A, Axon Instruments, Foster City, CA), digitized at 4 kHz with an analog-digital converter (Digidata 1200, Axon Instruments), and analyzed using pCLAMP software (Axon Instruments). The reference electrode was a Ag-AgCl wire connected to the bath solution through a Ringer-agar bridge. The pipette resistances were 5-15 M⍀.
The standard Ringer contained the following (in mM): 145 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, and 10 HEPES, pH 7.3. All bath solutions contained 10 mM glucose and 0.1% bovine serum albumin. 3). Na2ATP (5 mM) was added immediately before use. The extracellular solutions contained the following (in mM): 1) 100 HEPES, 75 NMDG-aspartate, 1 CaCl2, and 1 MgCl2 (pH 7.3); 2) 120 MES, 65 NMDG-aspartate, 1 CaCl2, and 1 MgCl2 (pH 5.5). The pH was adjusted by CsOH. The pHo/pHi was usually set to 7.3/5.5 to increase the transmembrane pH gradient (⌬pH ϭ pHo Ϫ pHi). In cases when a mouse monoclonal antibody for calmodulin I (anti-CaM, 200 g/ml) (Santa Cruz Biotechnology, Santa Cruz, CA) was applied to the pipette solution, the pHi was adjusted to be 6.5-7.3 to optimize the binding reaction. Fifty micromolar of 4,4=-diisothiocyanato-2,2=-stilbenesulfonate (DIDS), a blocker for Cl Ϫ /anion transport, was added to the bath solution. Most of the currents recorded under these conditions are carried by protons (19, 20, 30) . ZnCl2 (200 M) was also added to block the voltage-gated proton (H ϩ ) channel, which is expressed in osteoclasts (19, 20, 25) . The high Ca 2ϩ (2.5-40 mM) extracellular solutions were prepared by replacing NaCl or NMDG-aspartate by CaCl2. The osmolarities of all solutions were 280 -290 mosmol.
Voltage steps or ramps (200 mV/s) were applied at a holding potential of Ϫ80 mV every 10 -20 s. A specific blocker for V-ATPase, bafilomycin A1 (200 nM) was used to identify the V-ATPase currents (30) . The recordings were not corrected for leak currents, since the V-ATPase currents were small and the current-voltage (I-V) relationships were linear. To exclude leak and unidentified currents, we analyzed bafilomycin-sensitive difference currents at 0 mV. Cells were exposed to inhibitors or high Ca 2ϩ by perfusion with 10 ml of the bath solutions containing these substances at a rate of about 1 ml/min: the volume of the recording chamber was 1 ml.
The average whole cell capacitance (C m) before stimulation was 150 Ϯ 7 pF (n ϭ 200). The values of C m were obtained from the capacitive currents evoked by voltage-steps applied every 10 -20 s at the holding potential. The transient currents in response to the step from Ϫ80 to 0 mV were fitted with a single exponential: C m ϭ ϫ (1/R a ϩ 1/Rm) where represents time constant for the current, Ra the access resistance, and R m the whole cell membrane resistance. The ratio R a/Rm is usually Ͻ0.03. All experiments were conducted at room temperature (22-26°C) .
Small interfering RNA oligonucleotides. Small interfering RNA (siRNA) oligonucleotides targeting for four different regions of dynamin 2 (Dyn2-siRNA), those targeting for three different regions of PLC-␥ subunit (PLC␥2-siRNA), and three different nontargeting siRNAs (negative controls) were purchased from Santa Cruz Biotechnology or Invitrogen (Carlsbad, CA). siRNAs were introduced into cells using a transfection reagent designed for macrophages (JetPEIMacrophage, Polyplus, Illkirch, France). The transfection efficiency, monitored by fluorescein-labeled, double-stranded RNA oligomer (Block-iT, Invitrogen), was ϳ50% at 48 h. The relative amounts of the targeted mRNA to that of a housekeeping gene (␤-actin) at 48 -72 h were evaluated by quantitative RT-PCR using TaqMan Gene Expression Assays (7500 Fast Real-Time RT-PCR Systems, Applied Biosystems, Foster City, CA). The measurements were made for three or four different batches in triplicate. Target-to-␤-actin ratios were normalized by those of either mock cells or cells transfected by nontargeting siRNA (negative control) from the same batch and then were averaged. There were no significant differences in the relative quantities of the targets between mock cells and the negative controls. Electrophysiological recordings were made from cells treated with siRNAs for 48 -96 h.
Statistics. Data were expressed as means Ϯ SE. The statistical significances (P Ͻ 0.05) were evaluated using unpaired Student's t-test except for Fig. 1B where the data were evaluated with paired t-test.
Measurements of endocytosis using a lipophilic dye, FM1-43. Endocyotsis was examined by the uptake of a lipophilic dye (FM1-43FX, Molecular Probes). Cells were cultivated in the glass-bottom dish. FM1-43 was dissolved in Ringer solution and applied to the dish immediately before the recordings. The final concentration was 2.5 g/ml. The cells were observed with a laser scanning confocal inverted microscope (Leica TCS-SP5) equipped with an argon laser. The amplifier gains and offsets were adjusted for optimal measurement and remained unchanged during each experiment. The images (512 ϫ 512 pixels, 8 bit) before stimulation were taken within a few minutes of the addition of FM1-43 in the Ca-free solution. Then the perfusion bath was changed to solutions containing Ca 2ϩ (1, 10, and 40 mM) and FM1-43. The images, averaged over four scans, were obtained with a ϫ63, 1.4 numerical aperature oil-immersion lens every minute. Intracellular fluorescence intensity was expressed in arbitrary pixel units in the range from 0 to 255. Settings of measurement (the laser power, gain, offset) were held constant during all experiments. The average intracellular fluorescence intensities in each cell were quantified.
Materials. MES and BAPTA were purchased from Dojindo Laboratories (Kumamoto, Japan), bafilomycin A1 was from WAKO Chemicals (Osaka, Japan), and dynamin inhibitory peptide was from Tocris Bioscience (Ellisville, MO). All other chemicals were obtained from Sigma (St. Louis, MO) unless specified otherwise. A concentrated stock solution of Na2ATP was prepared in 1 M Tris-Cl and stored in a freezer. Bafilomycin A1, DIDS, dynasore, U73122, and W7 were dissolved in DMSO, and dynamin inhibitory peptide, in distilled water. The final concentration of DMSO was Ͻ0.1%, which did not affect the results.
RESULTS
Extracellular Ca
2ϩ decreases surface area and the plasma membrane V-ATPase currents. The bafilomycin-sensitive H ϩ currents when the extracellular and intracellular solutions were deprived of major ions (Na
were identified as the proton currents carried by the V-ATPases in the plasma membrane (30) . Extracellular Ca 2ϩ over the range 2.5-40 mM decreased the plasma membrane V-ATPase currents in a dosedependent manner (30) . The simultaneous measurements of the C m values and the plasma membrane V-ATPase activities showed that exposure to 40 mM Ca 2ϩ reduced the H ϩ currents and the C m values together (Fig. 1A) . Both responses were reversible when the exposure to high Ca 2ϩ was brief (Ͻ10 -20 min). The decreases (⌬H ϩ current and ⌬C m ) were reversed by ϳ70% for the current and ϳ40% for C m within 30 min in more than half of the cells (Fig. 1B) also decreased the C m in a dose-dependent manner (Fig. 1C,  closed symbols) .
To normalize the wide variations in cell size and current amplitudes among cells, we estimated the effects of Ca 2ϩ by expressing the decreases as percentage of the prestimulus values. The averaged ⌬C m produced by 10 mM Ca 2ϩ was Ϫ5.8 Ϯ 2.4% (n ϭ 19) of the control and that by 40 mM Ca 2ϩ , Ϫ10.4 Ϯ 1.7% (n ϭ 42) (Fig. 1D) . The V-ATPase currents (the bafilomycin-sensitive currents) were decreased by 62 Ϯ 7% (n ϭ 8) with 10 mM Ca 2ϩ and by 78 Ϯ 9% (n ϭ 8) with 40 mM Ca 2ϩ (Fig. 1E ). It should be noted that the ⌬C m values were only a small fraction of the whole cell C m , whereas the ⌬H ϩ currents accounted for most of the V-ATPase current at the cell surface. There were no significant differences in these Ca 2ϩ -induced responses between RAW264-derived osteoclasts and osteoclasts developed from bone marrow cells (primary OCL) (Fig.  1, D and E, right columns) . Although the sizes of ⌬H ϩ current and the ⌬C m differed among cells, there was a positive correlation between them (Fig. 2) ; the H ϩ current declined more in cells exhibiting a greater decrease in C m . Most of the data in further experiments were obtained from RAW264-derived osteoclasts, unless described otherwise.
Extracellular Ca 2ϩ facilitates uptake of a lipophilic dye, FM1-43. The decrease in C m suggested that Ca 2ϩ facilitated endocytosis. However, the C m measurements monitor only the net changes in the surface area. To confirm the presence of an endocytic process, we examined the uptake of the dye FM1-43, which is incorporated into lipid membranes. The plasma membrane was labeled with the lipophilic dye for a few minutes in the standard Ringer solution containing 1 mM Ca 2ϩ (Fig. 3A, top) . Cells were then exposed to 40 mM Ca 2ϩ for 20 min (Fig. 3A, bottom) . The intracellular staining was intensified greatly by Ca 2ϩ stimulation; the enlarged image shows punctate staining. To assess the endocytosis, we measured the increases of the fluorescence intensity (⌬F) inside cells during 20 min exposure to test solutions. The averaged ⌬F was increased by Ca 2ϩ in a dose-dependent manner (Fig. 3D) ; at 40 mM, the ⌬F was nearly four times larger than that at 1 mM.
Dynamin is a GTPase essential for endocytosis. In the presence of 20 M dynasore, a fast-acting, membrane-permeable dynamin inhibitor (15), the Ca 2ϩ -induced endocytosis was inhibited (Fig. 3B) . The ⌬F after a 20-min exposure to 40 mM Ca 2ϩ was reduced to nearly one-forth in the presence of 20 -50 M dynasore (P Ͻ 0.05) (Fig. 3E, bottom) . V-ATPases also play a significant role in endocytosis in various tissues. Bafilomycin A 1 (200 nM), a specific inhibitor for V-ATPases, decreased the endocytosis (Fig. 3, C and E, bottom, P Ͻ 0.05). Constitutive endocytosis at 1 mM Ca 2ϩ for 20 min was not affected by these inhibitors (Fig. 3E, top) . These findings suggest that extracellular Ca 2ϩ facilitates dynamin-and VATPase-dependent endocytosis.
Dynamin dependence of Ca 2ϩ -induced early responses. To address the dynamin dependence of the early Ca 2ϩ -sensing responses in the plasma membrane, the effects of inhibitors for dynamin on the V-ATPase currents and the values of C m were examined. In the presence of dynasore (50 M), the Ca 2ϩ -induced changes in the C m were suppressed strongly (Fig. 4A,  middle) , suggesting that the Ca 2ϩ -induced ⌬C m represented dynamin-dependent endocytosis. The Ca 2ϩ -induced decreases in the V-ATPase current were also suppressed by dynasore significantly, but the inhibition was smaller (Fig. 4B , middle column). Dynasore alone had an inhibitory effect on the V-ATPase currents in some cells (data not shown), which might underestimate its effect on the Ca 2ϩ -induced decreases of the V-ATPase currents. Thus we examined effects of a membrane-impermeable inhibitor, dynamin-inhibitory peptide, on the Ca 2ϩ -induced responses. When dynamin-inhibitory peptide (50 M) was applied intracellularly, the Ca 2ϩ -induced changes in both C m and the V-ATPase current were diminished significantly (Fig. 4, A and B , right columns) (P Ͻ 0.05-0.0005).
To confirm involvement of dynamin, the Ca 2ϩ -induced events were examined in cells transfected with siRNAs targeting for dynamin 2 (Dyn2-siRNA). Nontargeting siRNA was -induced changes in the Cm (⌬Cm) and the H ϩ currents (⌬H ϩ current). Data were obtained from RAW-derived and primary osteoclasts exposed to 5-40 mM Ca 2ϩ (131 Ϯ 6 pF, n ϭ 118) and averaged for groups of different sizes of ⌬Cm: by 5 pF steps up to Ϫ20 pF (n ϭ 10 -40), by 10 pF steps up to Ϫ40 pF (n ϭ 3-8), and the rest (n ϭ 6). The line represent the correlation for the plots (r ϭ 0.95). The bath/pipette solutions were NMDG-aspartate/NMDG-aspartate. pHo/pHi was 7.3/5.5. Data are means Ϯ SE. used as the negative control. Quantitative RT-PCR showed that Dyn2-siRNA treatment decreased the Dyn2 mRNA level by ϳ70% at 48 -72 h (Fig. 4E) . The Ca 2ϩ -induced changes in C m and the V-ATPase currents in the Dyn2-siRNA-treated cells were both decreased (Fig. 4, C and D) . These results suggested that the Ca 2ϩ -induced endocytosis and the inhibition of the V-ATPase current were both dynamin dependent.
Bafilomycin inhibits the Ca 2ϩ -induced endocytosis. It was an intriguing finding that bafilomycin A 1 , a specific V-ATPase blocker, diminished the stimulated endocytosis, while it did not impair constitutive endocytosis (Fig. 3, C and E) . We examined this issue in more detail using electrophysiology. After the application of bafilomycin A 1 (200 nM) to resting cells, the plasma membrane V-ATPase currents declined rapidly (Fig. 5A, top) , but C m did not change significantly (Fig. 5A, bottom) -stimulated endocytosis to take place. Bafilomycins are, however, cell permeable and could inhibit V-ATPases at both the intracellular and plasma membrane levels. This raised the question whether the plasma membrane V-ATPase contributes to the stimualted endocytosis or not. Fortunately, we could estimate the amounts of functional V-ATPases at the plasma membrane in individual cells from the amplitudes of the V-ATPase currents. The amplitudes vary widely among cells (30) . When the cells (RAW264-derived and primary osteoclasts) were classified into subgroups according to the current amplitudes, the Ca 2ϩ -induced ⌬C m values increased with the current amplitude (Fig. 5C ): cells exhibiting larger V-ATPase currents responded to Ca 2ϩ stimulation with greater decreases in C m . These findings suggest that the plasma membrane V-ATPase contributes to facilitate endocytosis.
PLC is involved in the Ca 2ϩ -induced early responses. The G protein-coupled Ca 2ϩ -sensing receptor (CaR) has been identi- for Cm values (n ϭ 9 -34) and the V-ATPase currents (n ϭ 7-29) in small interfering RNAs (siRNAs) (Dyn2-siRNA and negative control)-treated cells. E: relative quantities of Dyn2-mRNA. The Dyn2-to-␤-actin ratios (from three batches in triplicate measurements) were normalized by that of the negative controls. The bath/pipette solutions contained NMDG-aspartate. pHo/pHi was 7.3/5.5. Data are means Ϯ SE. *P Ͻ 0.05. **P Ͻ 0.005. ***P Ͻ 0.0005. fied in both mature osteoclasts and RAW-differentiated osteoclasts (17) . In the report, activation of an apoptosis-inducing factor, nuclear factor-B, through PLC peaked at 1 h after Ca 2ϩ stimulation. We showed that the decreases in the VATPase currents and the values of C m started within 1-2 min following exposure to high Ca 2ϩ and reached nearly a steady state in 10 min. To examine whether PLC is involved in this early phase of the Ca 2ϩ -sensing responses in the membrane, whole cell recordings were made on cells preincubated with a PLC inhibitor U73122 (10 M) for Ͼ10 min. The averaged time courses for the changes evoked by stimulation with 40 mM Ca 2ϩ showed that both the declines in the V-ATPase currents and the C m values were inhibited by U73122 (Fig. 6,  A and C) . The Ca 2ϩ (40 mM)-induced changes in the currents were decreased to one-fifth (Fig. 6B , P Ͻ 0.005) and those to the C m values to one-tenth of the controls (Fig. 6D, P Ͻ 0.005) .
We also examined the effects of siRNAs targeting the PLC-␥2 subunit (PLC␥2-siRNA) on the Ca 2ϩ -induced responses. PLC␥2 mRNA was decreased by ϳ65% at 48 -72 h following the transfection (Fig. 6G) . The Ca 2ϩ -induced changes in C m and the V-ATPase currents were both decreased significantly in PLC␥2-siRNA-treated cells (Fig. 6, E and F ] i is an essential signal for the extracellular Ca 2ϩ -induced endocytosis and inhibition of the pump activity at the plasma membrane.
Previous reports suggested that the membrane sector of the V-ATPase (V o ) is a target of calmodulin, and that V-ATPases are regulated through Ca 2ϩ /calmodulin-dependent mechanisms (26, 46) . We examined the possibility that calmodulin was involved in the early Ca 2ϩ -sensing events. The Ca 2ϩ (40 mM)-induced changes in the C m values and the V-ATPase currents were both decreased by pretreatment with 10 M W7, an inhibitor of calmodulin (P Ͻ 0.005), and also by intracellular dialysis with a monoclonal antibody for calmodulin I (anti-CaM, 200 g/ml) (Fig. 7, C and D) (P Ͻ 0.05-0.005). These data suggest that Ca 2ϩ /calmodulin-mediated pathway is involved in the process leading to endocytosis and inhibition of the plasma membrane V-ATPase.
DISCUSSION
A variety of extracellular Ca 2ϩ -sensing responses constitute the negative feedback system for osteoclastic bone resolution. They have different temporal patterns, from a rise in [Ca 2ϩ ] i within a few minutes to apoptosis, which requires at least several hours to become apparent. This study focused on the 8 -11) and Cm values (n ϭ 13-42) produced by stimulation with 40 mM Ca 2ϩ in U73122-treated cells. E and F: averaged fractional changes for Cm values (E) (n ϭ 9 -12) and the V-ATPase currents (F) (n ϭ 6 -7) after stimulation with 40 mM Ca 2ϩ in cells transfected with siRNA targeting for PLC␥2 and the negative control. G: relative quantities of PLC␥2-mRNA. The PLC␥2-to-␤-actin ratios (from four batches in triplicate measurements) were normalized by that of the negative controls. The bath/pipette solutions contained NMDG-aspartate. pHo/ pHi was 7.3/5.5. Data are means Ϯ SE. *P Ͻ 0.05. **P Ͻ 0.005.
early events generated at the plasma membrane. We focused on the V-ATPase currents and the C m as membrane parameters, which are linked directly to osteoclast function and can be measured simultaneously in each cell. The present study revealed that the two factors shared signaling pathways where dynamin, PLC, [Ca 2ϩ ] i , and calmodulin participate. Extracellular Ca 2ϩ induces dynamin-dependent endocytosis. Two different methods, electrophysiology and cytofluorometry, were used to provide evidence that extracellular Ca 2ϩ facilitated endocytosis in osteoclasts. Ca 2ϩ -induced endocytosis has been reported in the presynaptic membrane of snake boutons (39) . At the nerve terminals, endocytosis is facilitated by increases in the concentration of extracellular Ca 2ϩ (ϳ7 mM). In the present study, Ca 2ϩ stimulated endocytosis in a dose-dependent manner up to 40 mM, the concentration of Ca 2ϩ which has been reported to accumulate in the resorption pit (36) . The Ca 2ϩ -induced inhibition of osteoclastic bone resorption is accompanied by morphological changes, such as retraction of lamellipodia, reorganization of the cytoskeletal network (18) , and swelling of the cell body (32) . Endocytosis, which has not been reported before, might participate in these morphological adaptations to ambient disturbances.
The Ca 2ϩ -induced endocytosis was dynamin dependent, as it was blocked by both cell-permeable and -impermeable dynamin inhibitors (dynasore and dynamin inhibitory peptide). Dynamins are large GTPases responsible for endocytosis in many types of cells. Thus the dynamin dependence indicates that the ⌬C m represents endocytosis. In osteoclasts, dynamin 2 (Dyn2) is involved in ruffled border turnover (21) and reorganization of actin cytoskeleton (4) . We confirmed that Dyn2-siRNA treatment inhibited the Ca 2ϩ -stimulated endocytosis. Dynamin dependence was not evident in constitutive endocytosis during the recording period of 30 min to 1 h. Thus extracellular Ca 2ϩ is likely to activate cell metabolism beyond the resting level to facilitate endocytosis.
We assessed constitutive endocytosis by cytofluorometric measurements. The uptake of the dye produced by Ca 2ϩ was four times greater than that due to constitutive endocytosis. Also, the Ca 2ϩ -induced decreases in the C m exceeded the fluctuations of C m in resting cells in both amplitude and speed. Extracellular Ca 2ϩ works as a strong stimulus, which activates "emergency pathways" to facilitate endocytosis.
Signaling pathways involved in early Ca 2ϩ -sensing responses. The G protein-coupled CaR was found in both mature osteoclasts and RAW-differentiated osteoclasts (17) . PLC is a downstream signal activated rapidly after Ca 2ϩ stimulation. The present study showed that the PLC inhibitor (U73122) and PLC␥2-siRNA diminished the Ca 2ϩ -induced endocytosis and the decline of the plasma membrane V-ATPase. Thus both Ca 2ϩ -sensing events generated at the plasma membrane are mediated through the PLC-dependent pathways. The responses were however increased by concentrations of Ca 2ϩ up to 40 mM, while, in general, the CaR was fully activated at 5 mM Ca 2ϩ . It is possible that other Ca 2ϩ -sensors such as GPRC6A, a member of the C family G protein-coupled receptors (27) evidence at this moment, endocytic internalization of the plasma membrane V-ATPase is a possible mechanism to explain this similar behavior of the two parameters. Endocytosis is not likely the only mechanism for the decrease of the plasma membrane V-ATPase, however, as the inhibition of the signaling pathways described above suppressed the endocytosis more powerfully than it decreased the current. V-ATPase is a multisubunit molecule, and the H ϩ -transporting activity can be modified in various ways, for instance ATP metabolism, assembly/dissociation of the V o and V 1 domains, and interaction with actin cytoskeleton (3, 11, 12, 41) . Further study is required to clarify the whole picture of the mechanisms underlining the Ca 2ϩ -induced inhibition of the V-ATPase current. Membrane retrievals and the plasma membrane V-ATPase. Intriguingly, the Ca 2ϩ -induced endocytosis was inhibited by bafilomycin A 1 , suggesting that functional V-ATPases are essential for this process. Generally, V-ATPase-dependent acidification of endosomes, lysozomes, and secretory vesicles is considered to play a significant role in membrane retrievals such as endocytosis, vesicular transport, and secretion (13, 24, 28, 38) . Bafilomycins also inhibit receptor-mediated and fluid phase endocytosis in RAW cell-derived osteoclasts (42) and transcytosis and endocytic trafficking from the ruffled border in rabbit primary osteoclasts (23, 37) . The transcytosis and endocytic trafficking is a rapid process: the half-life of the endocytosed material is 22 min. The Ca 2ϩ -induced endocytosis might share the cell machinery where V-ATPases are involved.
In H ϩ -secreting cells, like kidney, bladder epithelial cells and osteoclasts, the V-ATPase is considered to be incorporated into the plasma membrane when the cytoplasmic vesicles migrate to and fuse with the plasma membrane (5, 22, 40) . In osteoclasts, V-ATPases in late endosome/lysozome are translocated to the plasma membrane during differentiation (40) , and the plasma membrane V-ATPase seems to be recruited continually to the plasma membrane through the PI3 kinasemediated pathway (22) . Turnover of V-ATPases between the intracellular membrane and the plasma membrane constitutes the framework for regulating acid secretion efficiently in osteoclasts. V-ATPases are also considered to be responsible for intracellular membrane fusion (9, 26) and act as an essential pH sensor for membrane trafficking (28) . Previous studies reported that the membrane sector of the V-ATPase (V o ) is a target for calmodulin and plays a significant role in membrane retrievals through Ca 2ϩ /calmodulin-dependent mechanisms (26, 46) . We showed that calmodulin was involved in the Ca 2ϩ -induced responses, but the mechanism is not known. Considering that the Ca 2ϩ -induced endocytosis did not progress much after the V-ATPase current had disappeared and that the stimulated endocytosis was more marked in cells exhibiting larger V-ATPase currents, V-ATPase-rich plasma membranes may have the competence for endocytosis. The whole cell recording approach is a useful tool for investigating the two interrelated membrane factors in cells expressing V-ATPases at the plasma membrane.
Early and late events of the Ca 2ϩ -sensing responses in osteoclasts. A variety of Ca 2ϩ -sensing responses have been reported so far, but the relations among these responses are not fully understood. The final stage would be caspase-dependent apoptosis (17, 43) . However, the present study suggests that reduction of acid secretion through the plasma membrane V-ATPase starts very early in the process. It is interesting that these early and late events are both mediated by the PLCdependent pathways. Reversibility is a clue to understanding the physiological roles of the early events. There may be several phases of the extracellular Ca 2ϩ -induced feedback responses before entering the irreversible stage leading to apoptosis. Endocytosis is one of the means to remove degraded materials from the resorption pit. Facilitation of endocytosis and downregulation of the plasma membrane V-ATPase could behave cooperatively to regulate functions of osteoclasts exposed to extracellular Ca 2ϩ accumulating in the resorption pit. Whether the early events intermediate or modify the late events remains unresolved. The whole cascade of the Ca 2ϩ -sensing responses is an important issue to be clarified in future.
